Abstract. This study was conducted to clarify the relationships of plasma concentrations of insulin-like peptide 3 (INSL3), testosterone, inhibin, and insulin-like growth factor-I (IGF-I) with scrotal circumference and testicular weight in Japanese Black beef bull calves (n = 20), from birth to pre-puberty. Monthly blood sampling (0 to 7 months) and scrotal circumference measurements (0 to 7 months) were performed. Testicular weight was recorded immediately after castration at 7 months. Plasma INSL3, testosterone, inhibin, and IGF-I concentrations were measured either by enzyme immunoassay or timeresolved fluorescence immunoassay. The correlation coefficients of these hormonal concentrations with scrotal circumference were significant (P < 0.0001) and it was higher for INSL3 (r = 0.647) than for testosterone (r = 0.597), IGF-I (r = 0.400), and inhibin (r = -0.453). Calves with heavier testes (> 60 g) at castration (7 months) had higher (P < 0.05) plasma INSL3 (from 3 to 7 months) and inhibin (from 1 to 4 months) concentrations than those with lighter testes (< 60 g). The calves with heavier testes at castration had larger (P < 0.05) scrotal circumference than those with lighter testes from 3 to 7 months. In conclusion, blood INSL3 concentrations may be the best functional indicator among the hormones analyzed for determining total testicular volume during pre-puberty in bull calves. In addition, inhibin and INSL3 concentrations in early calfhood may be functional predictors for testicular weight at pre-puberty. I nsulin-like peptide 3 (INSL3) is secreted from Leydig cells in the testis in male mammals [1] . INSL3 is a stimulatory factor for testicular descent during fetal development in mice [2, 3] and for spermatogenesis during and after puberty in rats [4] and pigs [5] . Changes in INSL3 concentrations in peripheral blood during growth of male mammals have been reported in men [6] [7] [8] , male rats [9, 10], bulls [11], dogs [12], and goats [13] . Furthermore, plasma INSL3 concentrations in beef bulls were shown to increase during neonatal and pubertal periods and the changes during puberty were different from those of testosterone concentrations [11] .
I
nsulin-like peptide 3 (INSL3) is secreted from Leydig cells in the testis in male mammals [1] . INSL3 is a stimulatory factor for testicular descent during fetal development in mice [2, 3] and for spermatogenesis during and after puberty in rats [4] and pigs [5] . Changes in INSL3 concentrations in peripheral blood during growth of male mammals have been reported in men [6] [7] [8] , male rats [9, 10] , bulls [11] , dogs [12] , and goats [13] . Furthermore, plasma INSL3 concentrations in beef bulls were shown to increase during neonatal and pubertal periods and the changes during puberty were different from those of testosterone concentrations [11] .
In bulls, scrotal circumference increases gradually before 25 weeks of age, grows rapidly during the peripubertal phase, and then increases gradually again at maturity [14] . The scrotal circumference has been reported as a reliable predictor of puberty, and bulls with a smaller scrotal circumference were more likely to have unsatisfactory semen quality [14] . Positive correlations between blood INSL3 concentrations and testicular size during pubertal development have been previously reported in men [8] and goats [13] . However, the association between testicular size and peripheral levels of INSL3 during development are yet to be elucidated in bulls.
Inhibin is secreted mainly from Sertoli cells in testes and inhibits follicle-stimulating hormone (FSH) secretion from the pituitary gland [15, 16] . Serum inhibin concentration declines in bulls from birth to 9 months of age [17] ; however, there have been no reports elucidating the relationship between blood inhibin concentrations and testicular size in developing bulls.
It has been suggested that a high plane of nutrition during calfhood positively affects scrotal circumference size and the onset of puberty in beef bulls [18, 19] . These studies showed increased plasma insulin-like growth factor I (IGF-I) concentrations during puberty in bulls with high-plane nutrition than those with low-plane nutrition [18, 19] , suggesting that levels of IGF-I in peripheral blood may be associated with testicular development.
This study was conducted to clarify the relationships of plasma INSL3, testosterone, inhibin, and IGF-I concentrations with scrotal circumference and testicular weight in Japanese Black beef bull calves from birth to pre-puberty.
Materials and Methods

Animals
Japanese Black beef bull calves (n = 20) raised in an experimental beef cattle station at the Hokubu Agricultural Institute, Hyogo Prefectural Technology Center for Agriculture, Forestry and Fisheries in Japan were used for the present study. These bulls remained normal in appearance and healthy during all experiments. The animals were kept under natural light in an open shelter covered by a roof and remained with their dams until weaning at 5 months of age. The bull calves were fed calf starter pellets (TDN, 87.5%; CP, 23.9%; DM basis) from 7 days after birth, and the amounts of calf starter were gradually increased until 2.5 months of age. From 2.5 to 7 months of age, the calves were fed concentrate (TDN, 77.8%; CP, 17.7%; DM basis) to meet or exceed Japanese Feeding Standard recommendations for beef calves. Additionally, the calves were fed timothy hay ad libitum from 7 days after birth. Body weight was recorded monthly from 0 to 7 months of age. The scrotal circumference of the bulls was recorded monthly from 1 to 7 months of age, using a flexible tape measure, around the greatest diameter of the scrotal sac. The experiments were approved by the Hokubu Agricultural Institute, Hyogo Prefectural Technology Center for Agriculture, Forestry and Fisheries. The procedures used in the animal experiments complied with the guidelines for the Proper Conduct of Animal Experiments in Academic Research Institutions in Japan.
Blood sampling
Blood samples were obtained monthly from the calves from 0 to 7 months of age. They were collected from the jugular vein into heparinized tubes and immediately placed on ice. The blood was centrifuged at 1700 × g for 15 min at 4°C and the separated plasma was then stored (−30°C) until the assay.
Castration
The bull calves were surgically castrated at 7 months of age. The calves were sedated with xylazine hydrochloride (Celactal 2% Injection solution, Bayer, Tokyo; 0.1 mg/kg IV) 10 to 20 min before surgery. The calves were held in the lateral recumbent position and the surgical area was cleaned with a disinfectant solution (benzalkonium chloride; Osban, Nihon Pharmaceutical, Tokyo, Japan) and sterilized with a povidone iodine spray solution (Isodine Animal 10%, DS Pharma Animal Health, Osaka, Japan). Incisions were made vertically on the skin of the anterior scrotum and testicular tunica to expose the testes. Each testicle was pushed through the opening and exteriorized. The exposed spermatic cord was ligated with a surgical silken suture and severed with a sterile blade approximately 1 cm distal to the ligation. The calves were treated daily for 7 days after surgery with a mixture of dihydrostreptomycin sulfate and benzylpenicillin procaine (Mycillin Sol Meiji, Meiji Seika Pharma, Osaka, Japan, 0.05 ml/ kg). After the surgery, the testes and epididymides from both sides were separated and weighed.
Hormone analysis
INSL3 assay: Plasma INSL3 concentrations were measured by a time-resolved fluorescence immunoassay (TRFIA) without an extraction procedure [20] . Briefly, microtitration plates for the TRFIA (PerkinElmer, Wallac Oy, Finland) were coated with 100 μl per well of anti-mouse IgG goat polyclonal antibody (KPL; 5 μg/ml in 0.05 M sodium bicarbonate; pH 9.7) for 2 h at room temperature. The wells were then washed three times with 300 μl of 0.15 M sodium chloride and 200 μl of DELFIA assay buffer (PerkinElmer) was added and the plates placed at 4°C overnight. Prior to the assay, each bull plasma sample was diluted four times with DELFIA assay buffer. The wells were drained, and 50 μl of synthetic bovine INSL3 [21] for the standards, or 50 μl of the samples, plus 50 μl of anti-bovine INSL3 mouse monoclonal antibody [21] (2-8F, dilution 1:1,000,000 in DELFIA assay buffer) was added to each well. Biotin-labeled canine INSL3 [12] (2 ng/ml in DELFIA Assay Buffer) was added and the plates incubated for 1 h at room temperature. The wells were then washed three times with 300 μl DELFIA wash buffer (PerkinElmer), 100 μl of Eu-labeled streptavidin (100 ng/ml in DELFIA assay buffer; PerkinElmer) was added and the plates were incubated for 30 min at room temperature. After washing five times with 300 µl of the wash buffer, 100 µl of enhancement solution (PerkinElmer) was dispensed in each well, followed by shaking at 80 rpm for 15 min at room temperature. Finally, time-resolved fluorescence was measured with an ARVO multilabel counter (PerkinElmer). The minimum detection limit of the INSL3 TRFIA was 0.156 ng/ml, and detection was reliable in the range of 0.156 to 20 ng/ml. The intra-assay and inter-assay coefficients of variation (CVs) for plasma samples of the cattle were 3.6% (n = 4) and 3.9% (n = 7), respectively.
Testosterone assay: Plasma testosterone concentrations were measured by the enzyme immunoassay (EIA) established in our laboratory [11, 22] . Eight-well strips (Corning Inc. Life Sciences, Lowell, MA, USA) were coated with 100 µl per well of anti-rabbit IgG goat polyclonal antibody (KPL, Gaithersburg, MD, USA; 5 μg/ml in 0.05 M sodium bicarbonate; pH 9.7) for 2 h at room temperature. The wells were then washed three times with 300 µl of 0.15 M sodium chloride. Next, 200 µl of assay buffer (0.01 M phosphate buffer containing 0.15 sodium chloride, pH 7.4) supplemented with 0.1% bovine serum albumin (BSA: Cohn Fraction V, Sigma-Aldrich, St. Louis, MO, USA) and 0.02% ProClin 950 (Sigma-Aldrich) was added and the plates kept overnight at 4°C to block areas of the well that were not coated with antibody. Various concentrations of testosterone standards were diluted with the assay buffer. Next, 125 μl of standards or bovine plasma samples was extracted with 2 ml of diethyl ether and the dried extract was dissolved in 125 μl of the assay buffer by vigorous vortexing. The wells were drained, followed by the addition of 50 μl of extracted testosterone standards or extracted samples, plus 50 μl of the HRP-labeled testosterone (Cosmo Bio, Tokyo, Japan; 1:1,500 dilution in the assay buffer) and 50 μl of anti-testosterone rabbit polyclonal antibody (Cosmo Bio; 1:400,000 dilution in the assay buffer). The mixture was then incubated for 2 h at room temperature. After the reaction, the wells were washed three times with 400 μl of wash buffer and 100 μl of substrate containing 3, 3', 5, 5'-tetramethylbenzidine (Sigma-Aldrich) solution was added and incubated for 30 min at room temperature. The reaction was stopped by adding 100 μl of 2 M sulfuric acid, and the optical density was measured at 450 nm using an xMark microplate absorbance spectrophotometer (Bio-Rad Laboratories, Hercules, CA, USA). The minimum detection limit was 0.156 ng/ml, and the reliable detection limit was 0.156 to 20 ng/ml. The intra-assay and inter-assay CVs were 6.1% (n = 4) and 3.0% (n = 6), respectively.
Inhibin assay: Plasma inhibin concentrations were measured by the TRFIA [20] . Bovine inhibin standards (Tanpaku Seisei Kougyou, Isesaki, Japan), anti-bovine inhibin antibody (Tanpaku Seisei Kougyou), and biotinylated bovine inhibin were used for the assay. The minimum detection limit of the inhibin TRFIA was 0.312 ng/ml and the assay detection range was from 0.312 to 20 ng/ml. The intra-assay and inter-assay CVs were 1.9% (n = 4) and 18.5% (n = 7), respectively.
IGF-I assay: Extraction of IGF-I from bovine plasma was performed using trifluoroacetic acid and acetonitrile as previously described [20] . Plasma IGF-I concentrations were measured by the EIA [20] . Human IGF-I standards (NIDDK no. 01), anti-human IGF-I rabbit serum (NIDDK no. AFP4892898), and horseradish peroxidase-labeled IGF-I were used for the assay. The minimum detection limit of the IGF-I EIA was 3.125 ng/ml, and the detection was reliable in the range of 3.125-400 ng/ml. The intra-assay and inter-assay CVs were 3.9% (n = 4) and 9.6% (n = 6), respectively.
Data analysis
Body weight was not measured in two calves at 1 month, one calf at 2 months, six calves at 5 months and one calf at 6 months; therefore, the total number data points for body weight data was 150. Scrotal circumference was not measured in two calves at 1 month, one calf at 2 months, and one calf at 5 months, and the total number of data points for scrotal circumference data was 136. Blood samples were not taken from one calf at 0 month, and the total number of blood samples was 159. We investigated the effect of age (month) on body weight, scrotal circumference, and hormonal concentrations by conducting a two-way ANOVA analysis using the Generalized Linear Models (GLMs) procedure of the SPSS version 24 software (IBM, Somers, NY, USA). Post-hoc pairwise comparisons were made by the Bonferroni correction for differences between two timepoints. The correlations between scrotal circumference and hormonal concentrations were analyzed using the curve estimation procedure of Regression Analysis of the SPSS version 24 software. The effect of testicular weight at 7 months of age (heavier: > 60 g vs. lighter: < 60 g) on hormonal concentrations and scrotal circumference at each month (0 to 7 months) was also examined by two-way ANOVA with the GLMs procedure to investigate any associations between hormonal secretion and testicular development. The threshold value of testicular weight (60 g) was determined based on the distribution of the individual data (there was a clear gap at 60 g between heavier (n = 14) and lighter (n = 6) groups). The post-hoc pairwise comparisons were performed by the least significant difference test for differences between the heavier and lighter testes at a specific time point. The data are expressed as mean ± standard error of the mean (SEM). Differences were considered significant at P < 0.05.
Results
There were significant effects of age on the body weight and scrotal circumference of calves (P < 0.0001). Body weight and scrotal circumference increased gradually until the end of sampling at 7 months (Fig. 1A) , showing higher (P < 0.05) values than those from previous months.
There was a significant effect of age on plasma IGF-I concentrations in the bull calves (P < 0.0001). Plasma IGF-1 concentrations rose from 0 to 1 month (Fig. 1B , P < 0.05) and then did not change from 1 to 2 months; concentrations at 3 and 4 months did not differ significantly from month 0, indicative of a small transient increase of IGF-I at 1 and 2 months of age. IGF-I concentrations then increased progressively from 4 to 7 months (4 vs. 6 months, 5 vs. 7 months, P < 0.05).
There were significant effects of age on plasma INSL3 and testosterone concentrations in the bull calves (P < 0.0001). The plasma INSL3 concentrations increased progressively from 0 to 7 months (Fig. 2 A, 0 vs. 1 month, 1 vs. 3 months, 3 vs. 7 months, P < 0.05). Plasma testosterone concentrations did not change significantly from 0 to 4 months ( Fig. 2A) , indicating no clear rise in the levels of the hormone until 4 months. Testosterone concentrations increased from 0 to 5 months and from 5 and 7 months (P < 0.05).
There was a significant effect of age on plasma inhibin concentra- tions in the bull calves (P < 0.0001). The plasma inhibin concentrations decreased from 0 to 3 months and from 3 to 6 and 7 months (Fig. 2B , P < 0.05), implying a constant decline in the levels of the hormone during the whole period. The plasma INSL3, testosterone, and IGF-I concentrations in the bull calves were positively correlated with the scrotal circumference from 1 to 7 months (Fig. 3A-C) , whereas a negative correlation was observed between inhibin concentrations and scrotal circumference during the same period (Fig. 3D) . The correlation coefficients were highest for INSL3 (r = 0.647, n = 136, P < 0.0001), followed by testosterone (r = 0.597, n = 136, P < 0.0001), inhibin (r = -0.453, n = 136, P < 0.0001), and IGF-I (r = 0.400, n = 136, P < 0.0001).
The plasma INSL3 concentrations in the bull calves tended to be positively correlated with the testicular weight at 7 months (r = 0.407, n = 20, P = 0.08), but the other three hormonal concentrations showed no correlation with the testicular weight (IGF-I, r = 0.215, P > 0.15; testosterone, r = 0.175, P > 0.15; inhibin, r = 0.044, n = 20, P > 0.15). When calves were classified based on the testicular weight at 7 months into heavier (> 60 g) or lighter (< 60 g), the plasma IGF-I concentrations were lower at 6 months in the calves with smaller testes than the calves with heavier testes (Fig. 4A , P < 0.05). The bull calves with lighter testes have lower plasma INSL3 concentrations from 3 to 7 months and testosterone at 5 and 7 months compared to the bull calves with heavier testes (Fig. 4B and C, P < 0.05). The plasma inhibin concentrations were lower from 1 to 4 months in the calves with lighter testes than the calves with heavier testes (Fig. 4D, P < 0.05) . The scrotal circumference was smaller from 3 to 7 months in the calves with lighter testes than the calves with heavier testes (Fig. 4E, P < 0.05) .
Discussion
Associations between testicular size and peripheral levels of testicular and metabolic hormones during development have not been elucidated in Japanese Black beef bull calves. In the present study, plasma INSL3, testosterone, and IGF-I concentrations were positively correlated with the scrotal circumference. The roles of testosterone in testicular development and function have been well characterized in bulls [30, 31] . In addition, the testicular Leydig cell-derived hormone, INSL3, has been reported to stimulate spermatogenesis in rats [4] and pigs [5] . Higher levels of nutrition during calfhood were shown to increase serum IGF-I concentrations and testicular size at pre-puberty in beef bulls [19] , indicating a close relationship between peripheral blood levels of IGF-I and testicular development. Thus, the increments of these three hormonal concentrations during calfhood in the present study may have stimulated testicular development in the beef bull calves.
Conversely, a negative correlation between plasma inhibin concentrations and the scrotal circumference was observed during the developmental period in the bull calves in the present study, mainly due to the decline in inhibin levels during this period. It has been reported that blood inhibin concentrations decline during the developmental period in bull calves [17, 32] even though total amounts of testicular inhibin increase [33] . It has been speculated that the decrease in circulating inhibin concentration at this stage is associated with the formation of the blood-testis barrier and the blockage of transfer of the protein from seminiferous tubules to blood vessels [33] .
In the current study, the correlation between testicular size (scrotal circumference and testicular weight) and plasma concentration of INSL3 was the highest among the 4 hormones studied. This suggests that the peripheral blood concentration of INSL3 may be the preferred functional indicator for total testicular volume in bull calves before puberty. In this context, it was previously demonstrated that scrotal circumference showed a higher correlation with plasma INSL3 than with testosterone concentrations during puberty and post-puberty [13] . INSL3 is secreted in pulses into circulating blood in bulls and bucks in response to luteinizing hormone (LH), but the amplitude of INSL3 pulses is much lower than that of testosterone [13, [27] [28] [29] ; this suggests that INSL3 may be a more stable marker than testosterone for single time point blood sample measurements for the evaluation of total Leydig cell count per pair of testes. It is unclear why the correlation coefficient value was lower for inhibin concentrations with the scrotal circumferences than INSL3 and testosterone; however, it could be related to the formation of the blood-testicular barrier which restricts the immediate release of inhibin from Sertoli cells to circulating blood during development [33] .
We compared the hormonal concentration and scrotal circumference measurements taken each month, from birth to 7 months of age, between calves with heavier (> 60 g) and lighter (< 60 g) testes at 7 months to examine whether testicular size at pre-puberty (7 months) can be predicted by hormonal concentrations or scrotal circumference in early calfhood (0 to 6 months). In this study, we found differences in the concentrations of inhibin (1 to 4 months), INSL3 (3 to 6 months), testosterone (5 months), and IGF-I (6 months), as well as in scrotal circumference (3 to 6 months), between the calves with heavier and those with lighter testes. These results suggest that plasma inhibin and INSL3 concentrations in early calfhood may be functional predictors of total testicular weight at pre-puberty.
Calves with larger testicular size at pre-puberty showed larger testes and higher sperm production post-puberty when fed a high level of nutrition during calfhood [18, 19] .
In the present study, plasma IGF-I concentrations increased transiently during the first 2 months after birth in the beef bull calves, followed by a relative decrease at 3 and 4 months and then a steep rise from 4 to 7 months of age. Such a pattern of changes in blood IGF-I concentrations during the growing phase in bull calves had not been observed in previous reports [23] [24] [25] . It has been suggested that plasma IGF-I concentrations of neonatal calves are affected by the amount, time point, and feeding frequency of colostrum [26] . We propose that calf starter pellets containing elevated amounts of crude protein given to bull calves from 1 week until 2.5 months of age may induce the transient small rise of plasma IGF-I concentrations, and that replacement with ordinary concentrate may cause the reduction at 3 and 4 months. In a previous report [20] , plasma IGF-I concentrations did not increase noticeably from 4 to 7 months in the Japanese Black beef bull calves. It is unclear why the change in IGF-I concentrations differed between our previous and present studies.
In this study, we collected blood samples monthly from identical calves from 4 to 7 months of age, whereas we used different calves during the same period in the previous study, which may explain the differing results observed. Plasma INSL3 concentrations increased continuously from birth to pre-puberty, while testosterone concentrations increased only in the latter phase in Japanese Black beef bull calves, suggesting differential regulation of the two hormonal secretions from testicular Leydig cells in ruminants [27] [28] [29] . In this study, plasma testosterone concentrations did not increase significantly from 0 to 3 months but rose significantly during the same period in the Japanese Black beef bull calves in the previous study [11] . Although the reasons for the discrepancy are unclear, differences in weaning age may affect testosterone secretion (2 days previously versus 5 months in the present study).
The results of this study confirmed the decrease in blood inhibin concentrations during the developmental period after birth in Holstein [17] and Japanese Black beef [32] bull calves. However, it was shown that the inhibin concentration increased for the initial 3 months after birth and then decreased until 10 months in plasma samples collected weekly from Holstein bull calves [15, 33] . In addition, the plasma inhibin concentrations were higher at several time points in this study than those previously reported [15, 17, 32, 33] . It is unclear why such inconsistencies occurred in the changes and values of inhibin concentrations in the 3 months after birth in bull calves. However, differences in sampling intervals, type of breed, and method of immunoassay (e.g., biotinylated inhibin was used as a labeled hormone in this study) may help to explain the discrepancies.
In conclusion, secretions of INSL3, testosterone, inhibin, and IGF-I are associated with testicular development in Japanese Black beef bull calves. Plasma INSL3 concentrations may be the best functional indicator among these hormones for total testicular volume in bull calves. Furthermore, INSL3 and inhibin concentrations in early calfhood may be functional predictors for total testicular weight in pre-puberty. inhibin (D) concentrations from 0 to 7 months of age and scrotal circumference (E) from 1 to 7 months in bull calves with lighter (< 60 g) and heavier (> 60 g) testicular weight at 7 months. Data are expressed as a mean ± SEM. Number of hormonal data was 6 from 0 to 7 months for calves with small testicular weight. Numbers of hormonal data were 13 at 0 month and 14 from 1 to 7 months for calves with heavier testicular weight. Number of scrotal circumference data was 6 from 1 to 7 months for calves with lighter testicular weight. Numbers of scrotal circumference data were 12 at 1 month, 13 at 2 months and 14 from 3 to 7 months for calves with heavier testicular weight. * P < 0.05 compared to calves with heavier (> 60 g) testes.
